To evaluate the effects of low intensity ultrasound on the healing process of third degree burn wounds in experimentally induced diabetic Wistar rats.
Introduction
The evolution of the healing process involves a series of phenomena which represent attempts in reestablishing the anatomical structure and function of the normal tissue 1 . During these phenomena several systemic and local factors are involved and the unbalance or the absence of elements, caused by the injury type and/or by the reduction of blood supply may compromise the final healing result 2 .
Burn wounds, especially third degree ones, associated with the metabolic state of diabetes mellitus (DM) are factors that impair the normal evolution of tissue repair due to the complexity of the injury with expressive alteration of a number of structures and due to the compromise in the blood supply to the affected region 3 . The importance of experimental studies of burn wounds have been highlighted by Schmauss et al. 4 in a review evaluating different models used and the importance of the investigation of pathologic findings. It is estimated that 9.3% of the North American population presents with DM
5
. Also DM is the 7 th leading cause of death in the USA 5 . While Europe has a prevalence of 8.5% of DM patients 6 . In Central and South America it was estimated that DM is present in 26.4 million people 7 . It is estimated that Brazil will rise from the . Developing countries are the ones which present the highest incidences of burn wounds ranging from 1.3/100.000 inhabitants in low income countries 9 . In Brazil, the Health Ministry reports that burn wounds are in the 4 th place as a cause of death due to injury and it is estimated that 1.000.000 people in Brazil suffer some kind of burn wound each year 10 .
According to Bertoldi et al. 8 there is no epidemiological relation between burn wounds and DM. However it is known that 2/3 of the diabetic population suffer burn wounds and that they present delayed healing processes. Several different treatments are proposed to help the tissue repair such as polymers, phytotherapic extracts, mineral compounds, physical resources such as low level laser therapy, therapeutic ultrasound (US), light emitting diode and hyperbaric chambers 3 . Other authors report that under normal conditions therapeutic US favors wound contraction, angiogenesis and fibroblasts migration to the injury bed 1, 11 . Nevertheless, other studies describe that the therapeutic US accelerates the proliferative phase of wound repair through the stimulating effect on the inflammatory mediators
.
Low intensity US is frequently used in the treatment of injuries of soft tissues 13 . It may also be applied in the wound healing process especially because it is a non-invasive nonthermal technique with low cost and efficacy at a cellular level including angiogenesis, leukocyte adhesion, growth factor and collagen production, as well as increases in macrophage responsiveness, fibrinolysis and nitric oxide levels 14 . Therefore the aim of this study was to analyze the healing process of burn wounds in experimentally induced diabetic rats after low intensity US treatment.
Methods

This study was approved by the Ethics Committee in
Animal Use (CEUA/PRPPG-UFG) protocol number 007/12. The ethical principles for animal experimentation of the Sociedade Brasileira de Ciência em Animais de laboratório (SBCAL) were followed 15 .
Three animals were housed in each cage. They received water and autoclaved commercial ration ad libitum and the bed changes were performed twice a week. An adaptation of the animals in the proposed environment was performed so as to prioritize their well being.
Experimental Type I Diabetes Mellitus (DM) induction
For the DM induction an intraperitoneal injection of streptozotocine dissolved in citrate buffer 0.1M, pH=4.5, (40 mg/ kg), was performed 16 . The evaluation of the vascular commitment was performed through measure of the thickness of the splenic white pulp central arteriole
17
. The animals were considered diabetic when they developed glucose levels higher than 200 mg/ dl and when they developed thickness of the splenic white pulp central arteriole. The glucose levels were determined by glucose meter device (Biocheck ® ) from a drop of blood from the tail of the animal at 24 and 72 hours after the DM induction procedure and at the euthanasia day.
After the DM confirmation a histopathologic analysis of the central arteriole from the white pulp of the spleen was performed aiming the detection of vascular alterations induced by this disease. The spleen of the animals (n=3) was removed at 2, 15 and 30 days after the DM induction and the tissues were processed for paraffin inclusion and two slides of 4 micrometer width each were stained with hematoxilin & eosin (HE) and picrosirius. The thickness of the splenic white pulp central arteriole was determined through microscopic analysis of HE stained slides by using the Image J software (NIH) (data not shown).
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All analyses were performed by a researcher blinded to the groups.
Third degree burn wound induction
The burn wound induction occurred after 30 days of the DM induction, when the glucose levels and the two fold increase in the thickness of the splenic white pulp central arteriole confirmed the experimental diabetes and the vascular commitment. After local preparation of the dorsal skin, shaving and antisepsis, the animals were anesthetized with 0.01ml/g of Ketamine 10% and Xilazine 2% via intraperitoneal. The third degree thermal injury was induced as described previously by Moraes et al. 18 . Briefly, each animal was placed inside a PVC (polyvinyl chloride) plastic cylinder with a 2x2 cm opening and sealed extremities, the uncovered area was immersed in water at 95ºC for 14 seconds.
A pilot study performed previously showed that the immersion of the rat dorsal area for 14 seconds caused the burn injury of the epidermis, dermis and hypodermis confirming a third degree burn wound with necrosis and disarrangement of collagen fibers (data not shown).
During the treatment period the animals (control and treated groups) received daily occlusive and sterilized bandages.
Initially the cleaning of the wound with physiologic solution was performed followed by a topic application of silver sulfadiazine ointment. All animals received an occlusive bandage. The injured animals were supervised by a veterinarian physician during the animal hygiene when aggressiveness, posture and respond to handling were observed.
According to the literature the treatment of burn wounds is based on the early wound debridement and closure 4 .
Therefore, at the second day after the injury induction the surgical debridement of the wounds occurred in all animals. The surgical debridement was performed only once with a scalpel as to remove all the necrotic tissue. No chemical debridement was used 2 .
Therapeutic US treatment
The US equipment, model SONOMED V 4150, used in this study was developed by Carci Indústria e 
Macroscopic and wound contraction analysis
At the established experimental days the phases of the inflammatory process were macroscopically evaluated, i.e., inflammation, proliferation and maturation. The following parameters were evaluated: necrosis and granulation tissue. The validation of the methodology was performed through the macroscopic evaluation of the injured skin which showed changed in coloration (pale/milky) which was confirmed in the microscopic analysis that showed necrotic tissue and disarrangement of collagen fibers (data not shown).
For the wound contraction analysis the wounds were photographed after 3, 7, 14, 21 and 30 days with a digital camera coupled to a tripod and kept at a fixed distance of 20 cm of the injury. Afterwards the images were analyzed through the Image J software (NIH) version 1.3.1.
The wound area was contoured through the Image J software by a researcher who did not know which treatment was used. Afterwards the wound contraction degree was calculated through the following mathematic equation:
, where CG is contraction degree, D 0 is the initial area at day 0, D' is the area at the experimental day (3, 7, 14, 21or 30). Therefore was possible to determine the differences in injured area throughout the experimental days.
Microscopic analysis
The injured tissue was removed through biopsy, processed for paraffin inclusion, sectioned at 4 micrometers width and stained with hematoxilin & eosin (HE). The samples of cutaneous lesion collected including the skin adjacent to the injury edges and the scar tissue in its depth were analyzed.
The general pathological processes were evaluated in the dermis and injury edge. The analysis of this lesions was qualitative where the parameters were: absent (A) (attributed score 0); discrete (D) in which 1 to 25% of the analyzed slide presented the alteration (attributed score 1); moderate (M) in which 26 to 50% of the analyzed slide presented the alteration (attributed score 2) and accentuated (Ac) in which more than 51% of the analyzed slide presented the alteration (attributed score 3). Afterwards the attributed score was converted into mean ± standard deviation 18 .
The pathological processes analyzed in the dermis were necrosis, fibrin, hemorrhage, polymorphonuclear (PMN) infiltration, mononuclear (MN) infiltration, hyperemia, angiogenesis and fibroblasts.
For the morphometric analysis of the connective tissue the skin fragments were fixed and embedded in paraffin, stained with picro-sirius and counter staining with hematoxilin at 14, 21
and 30 days after the injury induction. The slides were analyzed through a circular polarized light microscope (Zeiss ® ) with the 10x objective and the morphometry was performed using the Image J software. 20 fields were quantified which approximately corresponded to the whole area of the slide.
Statistical analysis
All variables were tested as to the normal distribution and homogenous variation. When the distribution was considered normal and with homogenous variation the t-Student test was performed. In the cases in which there was not a normal distribution the Mann-Whitney test was used. The differences were considered significant when p<0.05. The statistical analysis was performed using the Sigma Stat software version 3.5.
Results
Wound contraction and macroscopic analysis
The morphometric analysis of the diabetic and nondiabetic animals showed that the groups that received the therapeutic US treatment had a significantly higher wound contraction than the non-treated groups (p<0.05) ( Table 1) . In the evolution of the healing process of the third degree burn wounds ( Figure 2, Table 2 ) the diabetic control group had significantly higher intensity of necrosis at 3 DAI, in the inflammatory phase. In the proliferative phase this significant difference in the necrosis intensity was maintained at 7 DAI accompanied by significant increase in the granulation tissue in the non-diabetic treated group. At 14 DAI there was a significant increase in the granulation tissue in the non-diabetic treated group. In the remodeling phase, at 21 DAI, a "Y" shaped healing was observed. Legend: DAI = days after the injury induction; CG: non-diabetic control group; NDTG: non-diabetic treated group; DG: diabetic group; DTG: diabetic treated group. Statistic test: Mann-Whitney, comparison between treated and control groups.
Microscopic analysis
The general pathologic processes analysis was performed comparing the treated and non-treated groups ( Figure 3 , Table 3 ).
In the inflammatory phase (3 DAI) the therapeutic US treatment induced a significant increase in angiogenesis and in fibroblasts in the non-diabetic group. In the proliferative phase (7 and 14 DAI) the treatment induced a significant increase in the mononuclear (MN) inflammatory infiltration, angiogenesis and fibroblasts in the non-diabetic group. In the diabetic group the treatment induced a significant increase in fibroblasts at 14 DAI. In the remodeling phase (21 and 30 DAI) the treatment induced a significant increase in the MN inflammatory infiltration and angiogenesis in the diabetic group and an increase in the MN inflammatory infiltration in the non-diabetic group. Still at 21 DAI there was a significant increase in angiogenesis and fibroblasts in the non-diabetic treated group. The collagen quantification was significantly higher in the treated groups when compared to the non-treated ones (Table 4) . 
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Discussion
This study shows an innovative approach for the treatment of third degree burn wounds in an experimental model with rats. The beneficial effect of the wound debridement has been described previously in a different wound model
19
. Also debridement of the wound is important to remove the necrotic tissue and the bacterial proliferation in the dead tissue 19 . Silver sulfadiazine cream has been used in the wound dressings to prevent infection and maintain a moist environment at the injured site and has also reduced pain in patients 20 . While some studies suggest that silver sulfadiazine may delay epithelialization it is still considered the standard procedure in many burn studies and
Ward et al. 22 with a different scheme of topical therapeutic showed that the preferred power density for the therapeutic US treatment is 0.5 W/cm 2 , which induced a higher contraction of wounds, similar to the findings in our study. Altomare et al. 11 showed that the wound contraction was higher in the treated group only during the proliferative phase of healing in a study with a simple surgical injury with no alteration in the wound contraction in comparison with a group with surgical injury by peripheral tissue ischemia. These data partly differ from our study in which all treated group had a significant difference in wound contraction both in diabetic and non-diabetic groups.
Regarding the macroscopic analysis, the necrosis found in the inflammatory and proliferative phases was significantly higher in the control group when compared to the diabetic treated group. These results differ from other studies because in our study there was the debridement of the injury at the first day after the injury induction. This technique was chosen as to improve and accelerate the healing process through the removal of necrotic tissue as to diminish the bacterial contamination and therefore improve the action and effect of the longitudinal US emission.
Another relevant factor was the use of a humid occlusive bandage because this procedure insured the hydration of the wound which minimized the crust formation 12, 14 . It was possible to observe in the therapeutic US treated groups significant differences in the granulation tissue during the inflammatory and proliferative phases in the non-diabetic group.
Mesquita et al. 25 This study shows that the collagen deposition was significantly higher in the proliferative and remodeling phases in the treated groups when compared to their respective control ones.
Other non-diabetic experimental models performed with rabbits and horses have shown similar results in skin injuries 26 .
During the proliferative phase, the therapeutic US treatment promotes an increase in the number of fibroblast, which results in greater collagen deposit. This probably occurs due to an increase in the cellular membrane permeability 27 .
The therapeutic US promotes the reorientation of the collagen fibers leading to a greater elasticity with little loss of the tensile strength. The mechanical properties of the scar are related to the amount of collagen and its rearrangement or alignment within the wound bed 19 . Demir et al. 28 in a study with non-diabetic rats also
showed that the therapeutic US treatment associated with wound debridement and daily care is beneficial during the inflammatory, proliferative and remodeling phases of the wound healing. In this study the central arteriole in the white pulp of the diabetic rat's spleen was thickened, which is similar to what is observe din humans with diabetic foot ulcers 17 and in Wistar rats with induced diabetic nephropathy, which present a progressive alteration in all the renal arterioles walls
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. This is one of the first studies to describe the use of therapeutic US to improve the healing process in burn wounds in an experimental model of diabetic rats. There are several articles in the literature that use the rat model 4, 18, 27, 28 in spite of the fact that rats have a subcutaneous panniculus carnosus muscle which contributes to the repair via contraction and collagen formation 4, 28 .
The increase in wound contraction is beneficial to the healing process as it approximates the wound margins and helps close the injury. The increase in collagen formation in this model is also beneficial to wound closure and healing and did not produce hypertophic scar or keloid 30 .
Conclusions
Therapeutic ultrasound helped control necrosis and accelerated wound closure by contraction. However, I also led to a significant increase in angiogenesis and inflammation in the proliferative phase of healing which might contribute to the chronicity of wounds.
